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ReceptorEntry of herpes simplex virus (HSV) occurs either by fusion at the plasma membrane or by endocytosis and
fusion with an endosome. Binding of glycoprotein D (gD) to a receptor such as nectin-1 is essential in both
cases. We show that virion gD triggered the rapid down-regulation of nectin-1 with kinetics similar to those
of virus entry. In contrast, nectin-1 was not constitutively recycled from the surface of uninfected cells. Both
the nectin-1α and β isoforms were internalized in response to gD despite having different cytoplasmic tails.
However, deletion of the nectin-1 cytoplasmic tail slowed down-regulation of nectin-1 and internalization of
virions. These data suggest that nectin-1 interaction with a cytoplasmic protein is not required for its down-
regulation. Overall, this study shows that gD binding actively induces the rapid internalization of various
forms of nectin-1. We suggest that HSV activates a nectin-1 internalization pathway to use for endocytic
entry.. Stiles).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Four glycoproteins in the herpes simplex virus (HSV) envelope are
essential for virus entry and membrane fusion: gB, gD, and gH/gL
(Heldwein and Krummenacher, 2008; Spear et al., 2000). Addition-
ally, gC enhances the efﬁciency of entry by binding to heparan sulfate
proteoglycans on the cell surface (Herold et al., 1991). Binding of gD to
one of several cellular receptors initiates virus entry (Heldwein and
Krummenacher, 2008; Spear et al., 2000). In addition, receptor
binding induces a conformational change in gD that activates the
fusion machinery comprised of gB and gH/gL (Fusco et al., 2005;
Krummenacher et al., 2005; Lazear et al., 2008; Subramanian and
Geraghty, 2007; Zago et al., 2004). Additionally, gB can interact with
PILRα and gH can interact with αvβ3 integrins, but the role of these
interactions in virus entry is unclear (Parry et al., 2005; Satoh et al.,
2008).
Three unrelated cell surface molecules can independently serve as
receptors for HSV-1: nectin-1, herpes virus entry mediator (HVEM),
and 3-O-sulfated heparan sulfate (Geraghty et al., 1998; Krumme-
nacher et al., 1998; Montgomery et al., 1996; Shukla et al., 1999;
Whitbeck et al., 1997). Nectin-1, a member of the immunoglobulinsuperfamily, is the main HSV receptor on epithelial cells and neurons
(Hung et al., 2002; Kopp et al., 2009; Simpson et al., 2005). It is an
adhesion molecule found at adherens junctions in polarized epithelial
cells, at synapses and varicosities in neurons, and at points of cell–cell
contact in cultured cells (De Regge et al., 2006; Krummenacher et al.,
2002; Sakisaka and Takai, 2004; Takahashi et al., 1999; Takai et al.,
2008). Nectin-1 binding to a ligand, such as another nectin-1 or
nectin-3, results in the accumulation of nectin-1 at contact sites
(Krummenacher et al., 2002; Takahashi et al., 1999).
Multiple splice isoforms of nectin-1 (nectin-1α, β, and γ) are
produced from the human PVRL1 gene (Lopez et al., 1995; Takai et al.,
2008). The ectodomains of the three forms are identical, but nectin-
1α and β differ in the sequence of their transmembrane region and
cytoplasmic tail, while nectin-1γ lacks a transmembrane region and is
secreted (Cocchi et al., 1998; Geraghty et al., 1998; Lopez et al., 2001;
Takai et al., 2008). Nectin-1α and β accumulate at cell contacts upon
homophilic trans-interaction with a ligand and both promote cell
adhesion. Nectin-1α recruits cytoplasmic afadin through a PDZ motif
(WYV) in its cytoplasmic tail. In contrast, nectin-1β does not contain
this motif (Cocchi et al., 1998; Takahashi et al., 1999; Takai et al.,
2008). Afadin connects nectin-1α to the actin cytoskeleton and the
catenin–cadherin complex to establish adherens junctions (Mandai et
al., 1997; Takahashi et al., 1999). The role of nectin-1β in the
organization of cell junctions is unclear. Both nectin-1α and β are
functional receptors for HSV entry (Cocchi et al., 1998; Geraghty et al.,
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as an entry receptor (Subramanian et al., 2005).
In addition to interacting with gD during HSV entry, nectin-1α can
interact with newly synthesized gD on the surface of HSV infected
cells (Krummenacher et al., 2003). However, unlike nectin–nectin
interactions, gD–nectin-1α interactions between cells result in down-
regulation (internalization) of nectin-1α (Stiles et al., 2008). In this
paper, down-regulation refers to changes in the level of protein
expression at the cell surface rather than modulation of expression at
the transcription/translation level. A mutant form of gD that cannot
bind to nectin-1 (gD(A3C-Y38C)) (Connolly et al., 2005) does not
induce nectin-1α down-regulation. The gD-induced internalization of
nectin-1 occurs in the absence of any other viral components.
Although this effect on nectin-1α occurs in SY5Y, HeLa, and A431
cells, it does not occur in Vero cells. Interestingly, HSV entry into SY5Y,
A431, and HeLa cells is by endocytosis, whereas entry into Vero cells is
by direct fusion (Milne et al., 2005; Nicola et al., 2003; Stiles et al.,
2008; Wittels and Spear, 1990).
This correlation between gD-induced down-regulation and the
pathway of HSV entry suggested that gD actually directs HSV into an
endocytic pathway in certain cell types. To test this hypothesis, we
compared the kinetics of HSV entry with those of HSV induced nectin-
1 down-regulation. Indeed, we found that nectin-1 was rapidly
internalized when exposed to virus with kinetics similar to those of
HSV entry. In contrast, a gD-null virus had no effect on surface
expression of nectin-1.We also observed colocalization between virus
and receptor inside the cell during virus entry. Since the domain of
nectin-1 that is required for down-regulation is unknown and the
cytoplasmic tail of many surface proteins is involved in endocytosis
(Le Roy and Wrana, 2005), we compared the kinetics of internaliza-
tion of nectin-1α and β as well as forms of these two receptors lacking
the cytoplasmic tail. We found that the cytoplasmic tail of nectin-1
had little inﬂuence on gD-induced down-regulation. These results
suggest that down-regulation does not rely on the direct interaction of
nectin-1 with cytoplasmic proteins, and highlights the importance of
the nectin-1 ectodomain in this process. Lastly, we examined the rate
of nectin-1α turnover in the absence or presence of gD expressing
cells to determinewhether gD takes advantage of the natural turnover
of nectin-1 for down-regulation or actively triggers internalization.
Nectin-1αwas not naturally internalized in the absence of gD over the
course of the experiment. In contrast, nectin-1α was rapidly
internalized when gD was present. Collectively, our data show that
binding of gD actively induces two isoforms of nectin-1 to be rapidly
internalized.Fig. 1. gD on HSV virions down-regulates nectin-1. Virus was added to NGC12 cells for 45 min
pAb ab290 followed by anti-rabbit Ig-PE to detect GFP-nectin-1α and analyzed by FACS. The
100%. Average of 3 experiments+/−SE for A–C. (A) HSV KOSMOI=50 or KOSgDβ equivalen
cells for 30 min. (C) MOI=50 of HSV KOS was added to cells for various time points. (D) Rat
viruswas acid inactivated at various timepoints. Cells were then overlaid and plaqueswere all
nectin-1. Soluble gD285t (100 μg/ml)was added toNGC12 cells for 30min at 37 °C. Cells were
absence of gD was set to 100%. Data represent the average of 4 experiments+/−SE.Results
HSV virions down-regulate nectin-1 with kinetics similar to virus entry
First, we examined whether nectin-1α was down-regulated from
the cell surface early during endocytic entry of HSV (Fig. 1). We
infected NGC12 cells, which express GFP-nectin-1α (Fig. 3A), with
HSV KOS (MOI=50). Virus was incubated with cells at 4 °C for 45min
for attachment, and then incubated at 37 °C for 30 min to allow entry.
Cells were detached with versene and analyzed by FACS for surface
nectin-1 expression. We used a pAb against GFP (ab290) to detect the
tagged nectin-1α because the anti-nectin-1 antibodies suitable for
FACS detection (mAbs CK6 and CK41) are blocked by gD binding to
nectin-1 (Krummenacher et al., 2000). We found that infected cells
expressed only 30% as much nectin-1α as mock infected cells (Fig.
1A). To demonstrate that down-regulation of nectin-1α was caused
by virion gD, we inoculated cells with the gD-null virus KOSgDβ at the
equivalent MOI. This virus preparation was produced in Vero cells and
lacked gD both genotypically and phenotypically (Dean et al., 1994).
The level of surface nectin-1 expression in cells treated with KOSgDβ
was the same as the level detected on the mock infected control cells
(Fig. 1A). Thus, down-regulation of nectin-1α requires virion gD. We
also observed that the amount of GFP-nectin-1α on the cell surface
decreased as a function of the MOI of HSV (Fig. 1B). This decrease is
not linear and appears to reach a plateau at about 40% of the initial
amount of nectin-1. It is possible that this represents a more resistant
population of nectin-1 buried at cell–cell contacts and less accessible
to virus during the short time of the experiment.
To determine the kinetics of nectin-1 down-regulation by HSV, we
inoculated NGC12 cells with HSV KOS (MOI=50) and allowed virus
to bind at 4 °C for 45 min. The temperature was then shifted to 37 °C
for 0, 2, 5, 15, 30, or 40 min. At each time point, the infected cells were
chilled on ice to stop infection and analyzed by FACS. We found that
down-regulation of nectin-1α from the cell surface occurred rapidly
and greater than 50% of nectin-1α was internalized within the ﬁrst
5 min (Fig. 1C). An additional 30% internalization occurred over the
next 30 min.
To determine whether the rate of nectin-1 down-regulation
correlates with the rate of virus entry into NGC12 cells, HSV KOS
(100 pfu/well) was allowed to bind to cells at 4 °C, followed by a shift
to 37 °C for 0, 2, 5, 15, 30, or 45 min. At each time point, extracellular
virions were inactivated with citrate buffer pH 3.0, cells were overlaid
with methylcellulose, and incubated 60 h for plaque formation
(Highlander et al., 1989; Huang and Wagner, 1964; Milne et al.,at 4 °C before shifting to 37 °C for indicated time. Cells were then stained with anti-GFP
level of GFP-nectin-1α detected on the cell surface when no virus was added was set to
t of MOI=50was added to cells for 30min. (B) VariousMOIs of HSV KOSwere added to
e of HSV entry. HSV KOS (100 pfu/well) was added to cell monolayers and extracellular
owed to form. A representative experiment of 3 is shown. (E) Soluble gD down-regulates
stained for FACS as in A–C. The level of GFP-nectin-1α detected on the cell surface in the
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virions were internalized within 5 min of temperature shift (Fig. 1D).
This is similar to the rate of entry shown previously for C10 cells
(Milne et al., 2005), which express untagged nectin-1α instead of
GFP-nectin-1α. Thus, nectin-1α down-regulation from the cell
surface is rapid and has kinetics similar to those of HSV endocytosis
(Fig. 1C).
We next wanted to determine if gD needed to be membrane
bound, in the virus or on the cell surface, to cause nectin-1α down-
regulation (Fig. 1E). We added 100 μg/ml soluble gD285t (Rux et al.,
1998) to NGC12 cells for 30 min at 37 °C. Nectin-1α expression was
then analyzed by FACS. We found that the level of nectin-1 expression
was reduced 30% as compared to the mock treated cells. Therefore, gD
does not need to be membrane bound in order to induce nectin-1
internalization, although this may improve the efﬁciency.
Since the kinetics of nectin-1 down-regulation and virus entry
were similar, we hypothesized that HSV induced nectin-1 internal-
ization in order to access the endosomal pathway. If this is the case,
we should be able to detect HSV and nectin-1 together inside the cell
at short time points after entry initiation. To test this, we added HSV
KOS (MOI=50) to NGC12 cells for 45 min at 4 °C before raising the
temperature to 37 °C for 15 min. Cells were then ﬁxed, permeabilized,
and stained with anti-gD mAb MC5 (Atanasiu et al., 2007). We found
numerous instances of colocalization between the gD stain of the
virus and distinct punctate dots of GFP-nectin-1 α inside the cell
(white arrows, Fig. 2). Similar colocalization was also seen at 10 min
and 30min infection (data not shown). The colocalization of HSVwith
nectin-1 inside the cell shortly after entry suggests that nectin-1
internalization and virus entry are part of the same pathway.
Expression of nectin-1 isoforms and truncations
The cytoplasmic tail of nectin-1α contains a PDZ motif that allows
it to interact with intracellular afadinwhile that of nectin-1β lacks this
motif. To determine if this motif plays a role in gD-induced nectin-1
down-regulation, we compared several forms of nectin-1. First, we
cloned the cDNA of the splice isoform, nectin-1β, from SY5Y human
neuroblastoma cells. The splice site at amino acid 336 results in a
different transmembrane region and cytoplasmic tail from that of
nectin-1α (Cocchi et al., 1998; Geraghty et al., 1998) (Fig. 3A).
Secondly, we truncated nectin-1α after amino acid 389 thereby
eliminating most of its cytoplasmic tail (aa 390–517). We also
truncated nectin-1β at amino acid 373 to remove its cytoplasmic tailFig. 2.HSV and nectin-1 colocalize inside the cell. Virus was added to NGC12 cells for 45 min
nectin-1 is shown in green and virus stained with anti-gDmAbMC5 and Alexa 594 is shown i
gD staining. A single confocal slice from a representative experiment of two is shown.(aa 374–458) (Fig. 3A). Each nectin-1 was tagged with GFP at either
the N- or C-terminus. Previous studies determined that the position of
the GFP tag had no effect on the function of nectin-1α in cell adhesion
or HSV infection (Krummenacher et al., 2003).
We engineered stable cell lines, derived from nectin-1 negative
B78H1 cells, each expressing one of the forms of nectin-1. These cell
lines were called N1B, N1BG, NGC-389t, and N1BG-373t (Fig. 3A). Cell
lines were screened by GFP ﬂuorescence (not shown) and clones were
selected based on the level of nectin-1 surface expression by FACS
using mAb CK41. Nectin-1 was readily detected on each of the cell
lines (Fig. 3B) and accumulated at sites of cell–cell contacts (not
shown) similarly to nectin-1α (Krummenacher et al., 2003).
To determine if each form of nectin-1 could be used as an HSV
receptor, each cell line was infected with HSV KOStk12, which
contains the lacZ gene, and entry was measured by β-galactosidase
expression at 6 hpi (Warner et al., 1998). As expected, HSV KOStk12
was unable to enter receptor negative B78H1 cells, but it entered each
of the B78 derived nectin-1α or β cell lines (data not shown).
Additionally, viral titers and plaque sizes on N1B, N1BG, NGC-389t,
and N1BG-373t cells were equivalent to those on C10, NGC12, and
CG23 cells expressing nectin-1α (not shown) (Krummenacher et al.,
2003). These data conﬁrmed that both the α and β isoforms of nectin-
1 are receptors for HSV (Cocchi et al., 1998; Geraghty et al., 1998).
Previously, Subramanian et al. (2005) found that the cytoplasmic tail
of nectin-1α was not required for HSV entry into CHO cells. Our data
indicate that the cytoplasmic tail of nectin-1α and β is also not
required for entry into B78H1 derived cells, which HSV enters through
a different endocytic pathway that does not require endosomal
acidiﬁcation (Milne et al., 2005; Nicola et al., 2003; Nicola and Straus,
2004). Thus, these B78H1 derived cell lines are suitable for analyzing
virus endocytosis and nectin-1 down-regulation.
HSV enters B78 cells expressing nectin-1β and truncated forms of
nectin-1 by endocytosis
HSV entry into B78 cells expressing nectin-1α (C10 cells) occurs
only by endocytosis (Milne et al., 2005; Stiles et al., 2008). We used a
protease protection assay (Milne et al., 2005) to determine whether
the same route of entry is used when the receptor was nectin-1β or
nectin-1 lacking the cytoplasmic tail. In this assay, if intact virions are
internalized into endosomes before fusion, the viral glycoproteins will
be protected from treatment of the cells with proteinase K. Since entry
does not occur at the plasma membrane of B78-nectin-1 cells (Milneat 4 °C before shifting to 37 °C for 15 min. Cells were then ﬁxed and permeabilized. GFP-
n red. White arrowheads point to spots of colocalization (yellow) between nectin-1 and
Fig. 3. Characterization of nectin-1α and β cell lines. (A) Diagram of nectin-1α and β constructs. Glycosylation sites are represented by lollipops. Cells line marked with ⁎ were
previously described by Krummenacher et al. (2003). ‘G’ in the cell line name indicates a GFP tag. (B) Surface expression of nectin-1 was detected by FACS using mAb CK41-PE.
Histogram of PE ﬂuorescence intensity is shown. B78 are the nectin-1 negative parental cells.
Fig. 4. HSV is endocytosed during entry into nectin-1 cell lines. Virus was allowed to
attach to cells at 4 °C before infection was allowed to proceed for 15 min at 37 °C. Cells
were then treated with proteinase K (+) or mock digested (−). Cells were lysed in the
presence of protease inhibitors and gB was detected by immunoprecipitation with mAb
DL16 and western blot (pAb R69). The presence of gB in lane 3 indicates virion
endocytosis. PK means proteinase K and the bar on the right indicates the position of
the 115 kDa molecular weight marker.
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infection proceeds through endocytosis. Virus was added to cells at
4 °C for 45 min, and then shifted to 37 °C for 15 min. Proteinase K was
added to digest glycoproteins left on the cell surface, either in the
envelope of extracellular virions or on the plasma membrane as a
result of direct fusion of virus at the cell surface. Cell lysates were
prepared and gB was immunoprecipitated and detected by western
blot. When cells were maintained at 4 °C (no virus entry), gB was
completely digested by proteinase K (Fig. 4, lane 1). As another
control, infected cells were mock digested. In this case, equivalent
amounts of gB were detected on each of the cell lines (Fig. 4, lane 2).
We used B78 cells which do not express receptors and C10 cells which
express nectin-1α as negative and positive controls for virus
endocytosis (Milne et al., 2005; Stiles et al., 2008). When we exposed
receptor negative B78 cells to virus, followed by proteinase K, gB was
completely digested indicating that the virus remained on the surface.
However, when C10 cells were infected with HSV, gB was protected
from proteinase K digestion, as expected since HSV enters these cells
by endocytosis (Milne et al., 2005). We found that a similar amount of
virion gB was also protected from proteinase K treatment on cells
expressing nectin-1β (N1B). gB was also protected in cells expressing
truncated nectin-1α (NGC-389t) and truncated nectin-1β (N1BG-
373t) (Fig. 4, lane 3). However, less gB was protected on these cells as
compared to the cells expressing full-length nectin-1α and β,
suggesting that less virus was endocytosed within 15 min on these
cells. These results demonstrate that HSV is endocytosed into cells
expressing either nectin-1α or nectin-1β. Endocytosis of HSV also
occurred in cells expressing nectin-1α or β lacking its cytoplasmic tail,
although it may occur less efﬁciently. Since B78H1 cells expressing
nectin-1α do not allow HSV entry at the plasma membrane (Milne et
al., 2005), we conclude that endocytosis of virions into B78H1 cells
expressing nectin-1β or truncated nectin-1 also leads to productive
infection of these cells.
Nectin-1β and truncated nectin-1α and β are down-regulated from the
cell surface
We previously used a co-culture assay to show nectin-1α down-
regulation after binding by gD expressed on an adjacent cell (Stiles et
al., 2008). Here, we used the co-culture assay to determine if nectin-
113K.M. Stiles, C. Krummenacher / Virology 399 (2010) 109–1191β or truncated nectin-1α or β are also down-regulated. Each nectin-
1 target cell line was co-cultured overnight with each of four effector
cell lines: B78 cells (no gD), wild type gD (gDwt), gD(W294A) which
is a mutant form of gD that binds to nectin-1 with higher afﬁnity than
gD(wt), or gD(A3C-Y38C) which is a mutant gD that cannot bind to
nectin-1 but can bind HVEM (Connolly et al., 2005; Krummenacher et
al., 2005).We found that all forms of nectin-1were clearly detected by
GFP ﬂuorescence when cells were co-cultured with B78 cells (Fig. 5A)
or with B78-gD(A3C-Y38C) cells (data not shown). However, when
the cells were co-cultured with either B78-gD(wt) cells (Fig. 5B) or
B78-gD(W294A) cells (data not shown), the amount of each form of
nectin-1 was greatly reduced.
We used FACS to quantitate this effect (Fig. 5C). Nectin-1 target
cells were stained with Qtracker 655 prior to co-culture with effector
cells. This facilitated selection of the target cell population for FACS
analysis. We co-cultured nectin-1 target cells with gD expressing
effector cells overnight, detached the cells, stained them with anti-
nectin-1 mAb CK41, and used the Qtracker signal to gate on nectin-1
expressing cells for analysis. When each nectin-1 cell line was co-
cultured with B78 cells, a high level of nectin-1 was detected and this
was set at 100%. When each target cell line was co-cultured with B78-
gD(A3C-Y38C) cells (Fig. 5C, black bars), we detected a similar level of
nectin-1 as observed in co-cultures with B78 cells. However, when the
nectin-1 cell lines were co-culturedwith B78-gD(wt) cells, the level of
nectin-1 detected on the cell surface was reduced to less than 30% of
the control (Fig. 5C, white bars). Similarly, co-culture with B78-gD
(W294A) cells resulted in reduction of nectin-1 levels to less than 15%
of the control (Fig. 5C, gray bars). In fact, gD(W294A) down-regulated
nectin-1 only slightly better than gD(wt) despite a 40 fold difference
in afﬁnity of these two forms of gD for nectin-1 (Krummenacher et al.,
2005). Since binding of gD(wt) is sufﬁcient to induce a high level of
down-regulation, it is likely that the higher afﬁnity of gD(W294A)
offered little additional advantage for down-regulation. Moreover, the
difference in afﬁnity is almost entirely due to a difference in the rate of
association; the stability of the complex (off rate) is the same for both
forms of gD (Krummenacher et al., 2005). These data indicate that
nectin-1β and truncated nectin-1α and β are down-regulated
similarly to nectin-1α.
Down-regulation of nectin-1 in response to gD occurs rapidly
Because the truncated forms of nectin-1α and β were down-
regulated to the same extent as the full-length receptors after
overnight co-culture, we wondered if a difference in the cytoplasmic
tail would affect the rate of down-regulation. Therefore, we quantiﬁed
the amount of nectin-1 that remained on the cell surface after 0, 20,
40, 60, 120, and 240 min of co-culture with gD expressing effector
cells. In this experiment, we used a double referencing analysis. First,
we expressed the level of nectin-1 on the target cells in co-cultures
with gD relative to the nectin-1 level in the co-culture of target cells
and B78 effector cells (100%) at each time point. Second, we
normalized each value relative to the initial level of nectin-1 at time
zero (100%). This enabled us to compare the kinetics of the variousFig. 5. Decreased expression of nectin-1α and β after co-culture with gD expressing
cells. Cells expressing GFP tagged forms of nectin-1α (CG23, NGC12, NGC-389t) or
nectin-1β (N1BG, N1BG-373t) were co-cultured with B78 cells (no gD) (A) or wild type
gD expressing cells (B). After 16 h of co-culture, cells were ﬁxed and permeabilized.
Nectin-1-GFP is shown in green and nuclei are stained with DAPI (blue). A
representative experiment is shown. (C) Down-regulation of nectin-1 detected by
FACS. Target cells were labeled with Qtracker655 and mixed with effector cells
expressing the indicated forms of gD or with B78 cells at a target:effector ratio of 1:2.
After overnight co-culture, cells were stained with mAb CK41-PE to detect nectin-1.
Target nectin-1 cells were positively selected based on Qtracker655 ﬂuorescence while
unlabelled effector (gD expressing) cells were excluded. Bar graphs represent PE
ﬂuorescence of Qtracker655-positive target nectin-1 expressing cells as a percent of the
PEﬂuorescence in co-cultureswith B78 cells from the average of 3 experiments+/−SE.
Fig. 6. Rate of nectin-1 down-regulation from the cell surface. Target cells were labeled with Qtracker655 and co-cultured with effector cells expressing the indicated forms of gD or
with B78 cells (no gD) at a target:effector ratio of 1:2. At each time point, cells were stained with mAb CK41-PE to detect nectin-1 and analyzed by FACS. Target nectin-1 cells were
positively selected based on Qtracker655 ﬂuorescence. The level of nectin-1 surface expression (PE ﬂuorescence) on cells co-cultured with B78 cells was set at 100% as in Fig. 5. For
each target cell line, we normalized the level of ﬂuorescence to that at time 0 for comparison between effector cells. An average of 3 experiments is shown+/−SE.
114 K.M. Stiles, C. Krummenacher / Virology 399 (2010) 109–119target cell lines incubated with two different effector cell lines (Suppl.
Table 1). For a negative control, we co-cultured each target cell line
with B78-gD(A3C-Y38C) cells. In these cases, nectin-1 levels remained
near 100% at all time points (not shown). When cells expressing
either gD(wt) (Fig. 6 triangle) or gD(W294A) (Fig. 6 square) were co-
cultured with any of the nectin-1 cell lines, the receptor was rapidly
down-regulated from the cell surface (Fig. 6). In each case, cells co-
culturedwith the gD(W294A) high afﬁnitymutant had lower levels of
nectin-1 at each time point as compared with gD(wt), although thisFig. 7. Nectin-1 internalization is triggered by gD. (A) Steps of nectin-1 internalization assay.
(middle panel) cells for various times before treatment with proteinase K. Cells were lysed
detected by pull-down with neutravidin beads and western blot (mAb CK8). Right panel sh
digested with proteinase K (lane 2); not biotinylated (lane 3). Arrowhead points to GFP-nedifference was greater in some cell lines (N1B, NGC-389t) than in
others (Suppl. Table 1). The rate of nectin-1 down-regulation was
comparable in C10, N1B and NGC12 cells, indicating that both the α
and β isoforms acted similarly (Figs. 6A–C). Surprisingly, the addition
of GFP at the C-terminus of wt nectin-1α and β (CG23 and N1BG cells
respectively), accelerated down-regulation by 2–3 fold (Figs. 6D,E).
Truncation of the cytoplasmic tails of nectin-1α and β (NGC-389t and
N1BG-373t cells respectively, Figs. 6F,G) led to a slower rate of down-
regulation compared to the corresponding full-length receptors (Figs.(B) NGC12 cells were biotinylated and co-cultured with B78 (left panel) or B78-gD(wt)
in the presence of protease inhibitors and internalized biotinylated GFP-nectin-1α was
ows control conditions: biotinylated, mock digested (lane 1); biotinylated, held at 4 °C,
ctin-1α and the bar on the left indicates the 115 kDa molecular weight marker.
115K.M. Stiles, C. Krummenacher / Virology 399 (2010) 109–1196C,E). Together, these results show that although the cytoplasmic tail
is not essential, it does contribute to down-regulation. However, this
contribution does not rely on any connection between the cytoplas-
mic tail of nectin-1 and afadin since the α and β isoform have the
same kinetics.
Nectin-1 internalization is induced by gD
Next, we investigated the mechanism by which gD redirects
nectin-1 from the cell surface to the lysosomal pathway. Our previous
data (Stiles et al., 2008) did not determine whether 1) gD takes
advantage of the normal turnover of nectin-1 (i.e. constitutive
endocytosis and recycling) from the cell surface and redirects it to a
degradation pathway, or 2) whether gD actively induces the
internalization of nectin-1 which would usually remain stably on
the cell surface. To address this question, we biotinylated proteins on
the surface of NGC12 cells, and then co-cultured these cells with
either B78 or B78-gD(wt) expressing cells for 0, 15, 30, 60, 120,
180 min at 37 °C (Fig. 7A). After co-culture, cell surface proteins were
digested with proteinase K, and any internalized biotinylated proteins
were pulled down from lysates with neutravidin beads. Nectin-1α
was then detected by western blot. No internalized nectin-1α was
detected when NGC12 cells were co-cultured with B78 cells (Fig. 7B,
left panel). However, when NGC12 cells were co-cultured with B78-
gD(wt) cells, nectin-1α was detected inside the cells within 15 min,
and the level of internalized nectin-1α increased up to 1 h (Fig. 7B,
middle panel). After 2 h of co-culture, less nectin-1α was detected,
likely because of degradation. These results show that nectin-1α does
not usually turnover within 3 h of cell culture and this contrasts with
the rapid internalization of nectin-1α that occurs in response to gD.
Discussion
HSV entersmost cells by endocytosis, even though it has the ability
to fuse its envelope directly with the cell plasma membrane. The
choice of entry pathway appears to be dependent on cell type (Milne
et al., 2005; Nicola et al., 2003, 2005; Nicola and Straus, 2004; Stiles et
al., 2008). Although both HVEM and nectin-1 allow endocytic entry
into CHO cells (Nicola et al., 2003), several pieces of data suggest that
the interaction between gD and its receptor may play a role in virion
endocytosis. In CHO cells, usage of nectin-1 or nectin-2 by HSV ANG
leads to different entry pathways (Delboy et al., 2006). Binding of gD
to nectin-1 causes down-regulation of the receptor only in cells where
entry is endocytic and not in Vero cells where entry occurs at the cell
surface (Stiles et al., 2008). In the present study, we correlated the
kinetics of nectin-1 down-regulation with those of HSV entry and
showed colocalization of internalized HSV with nectin-1 shortly after
entry initiation. We also showed that the nectin-1 ectodomain rather
than its cytoplasmic tail is critical for this activity. Through analysis of
nectin-1 turnover, we showed that HSV gD actively induces
internalization of nectin-1. Altogether, it appears that HSV gD
efﬁciently activates an endocytic pathway for both nectin-1 internal-
ization and HSV entry by interacting with two nectin-1 isoforms. This
may explain the high efﬁciency of HSV entry into various cell types.
gD on virions induces nectin-1 down-regulation and virus entry
Our data show that gD on virions induces a rapid down-regulation
of nectin-1 at a rate comparable to that of HSV entry. Nectin-1 down-
regulation occurs when NGC12 cells are exposed to HSV virions at
37 °C. In such cells derived from B78H1 cells, the virus itself is
endocytosed. In contrast, nectin-1was not down-regulatedwhen cells
were exposed to KOSgDβ virus which lacks gD. Therefore, nectin-1
internalization is driven by virion gD alone. In addition, the kinetics of
gD-induced down-regulation of nectin-1 are comparable to those of
virus entry; in both cases, 45% of the internalization occurs within5 min. Indeed, we were able to visualize colocalization between
nectin-1 and HSV inside cells at short time points after the initiation of
entry. In addition, we did not see any increase in membrane
protrusions or other indications of a generalized increase in
phagocytic-like uptake as described by Clement et al. (2006).
Therefore, we suggest that HSV actively induces internalization of
its receptor nectin-1, thereby promoting its own endocytosis into the
cell during entry. Although, B78H1-derived cells do not require
endosomal acidiﬁcation for fusion, it is likely that the preceding step
of viral internalization is driven in the same way in cells requiring low
pH for endocytic entry.
Nectin-1 cytoplasmic tail is not required for down-regulation
Since nectin-1 is internalized from the cell surface, we reasoned
that the cytoplasmic tail of the receptor might be important for the
endocytic process. Adaptor proteins involved in the formation of
clathrin coated pits or caveolae bind to the cytoplasmic tails of cell
surface receptors that are endocytosed upon ligand binding (Le Roy
and Wrana, 2005). Using the nectin-1β isoform and truncated forms
of nectin-1α and nectin-1β, we found that the nectin-1 cytoplasmic
tail is not required for its down-regulation from the cell surface.
Previous studies with nectin-1 chimeras showed that nectin-1 with a
heterogenous cytoplasmic tail mediated entry or cell–cell fusion
(Gianni et al., 2004; Subramanian et al., 2005). The same studies also
showed that nectin-1 lacking its cytoplasmic tail functioned as a
receptor. In this study, we looked speciﬁcally at the effect of the
cytoplasmic tail on the efﬁciency and the route of entry as well as
nectin-1 internalization. These new results suggest that a change in or
absence of the cytoplasmic tail does not alter the entry pathway into
B78H1 derived cells, although it may affect entry efﬁciency. Indeed,
the ability of HSV to use two isoforms of nectin-1 with different
cytoplasmic tails and potentially different expression patterns may
enhance the tropism of the virus. Furthermore, the endocytic process
does not require binding of cytoplasmic proteins directly to the tail of
nectin-1. However, it is still possible that the nectin-1 ectodomain
interacts with other surface proteins that play a role in its down-
regulation.
In many aspects, the observations on HSV usage of nectin-1 are
reminiscent of reovirus entry. Reovirus follows an endocytic entry
pathway and uses a cell adhesion protein, JAM-A, as its receptor
(Campbell et al., 2005). However, β1 integrin, which interacts with
the JAM-A ectodomain, is required for internalization of virions into
the endocytic compartment necessary for viral uncoating (Maginnis
et al., 2006). Interestingly, the cytoplasmic tail of JAM-A was not
necessary for reovirus infection, however, the NPXY internalization
motifs in the cytoplasmic tail of β1 integrin were essential for
endocytosis (Maginnis et al., 2008). The similarity between the
circumstances for reovirus entry and those of HSV are reinforced by
the fact that nectin-1 can form a cis-interaction with αvβ3 integrin
through its ectodomain (Sakamoto et al., 2006). Interestingly, the
equine herpesvirus type 1 (EHV-1) entry pathway, which is also cell-
type dependent, requires an interaction between gD and αvβ5
integrin for endocytosis (Frampton et al., 2007; Hasebe et al., 2009;
Van deWalle et al., 2008). However, HSV gD lacks the RSDmotif found
in EHV-1 gD and therefore cannot interact directly with integrins (Van
de Walle et al., 2008).
Factors inﬂuencing the rate of nectin-1 down-regulation
The nectin-1α and β cytoplasmic tails and transmembrane
domains are completely unrelated and do not contain identiﬁable
common motifs. Since both isoforms were down-regulated at similar
rates, we conclude that interaction with proteins containing a PDZ-
domain (e.g. afadin, PAR-3) is not needed for nectin-1 down-
regulation. Although the nectin-1 cytoplasmic tail was not required
116 K.M. Stiles, C. Krummenacher / Virology 399 (2010) 109–119for its down-regulation, we found that the rate of down-regulation
differed among the various forms of nectin-1. In the truncated nectin-
1α (NGC-389t) and nectin-1β (N1BG-373t) cells, the absence of the
cytoplasmic tail decreased the rate of receptor internalization. This
could be due to the lack of binding sites for proteins or motifs that
increase the efﬁciency of endocytosis. Alternatively, the absence of the
cytoplasmic tail may alter the stability of the receptor in the
membrane. Interestingly, we saw an enhanced rate of down-
regulation of either nectin-1α or β with GFP on the C-terminus. This
may be due to a stabilizing effect of the tag or slight changes in density
of the receptors. Indeed, in some cases, aggregation or dimerization of
cell surface receptors upon ligand binding is a mechanism inducing
endocytosis. It is possible that the cytoplasmic tail of nectin-1
inﬂuences its ability to cluster and that the C-terminal GFP increases
this propensity, thus favoring internalization. Interestingly, a soluble
form of gD (gD285t) induces nectin-1 down-regulation with a
relatively low efﬁciency. Although an accurate comparison between
soluble concentrations and levels of cell or viral surface expression is
difﬁcult to achieve, it is possible that soluble gD may not cluster
nectin-1 as efﬁciently as membrane bound gD to induce rapid and
robust endocytosis.
Nectin-1 does not turnover naturally but internalization is induced by
gD
In NGC12 cells, the interaction of gD with nectin-1 results in
endocytosis of the virus and nectin-1. Twomechanisms could account
for this: either the virus takes advantage of constitutive recycling of
nectin-1 from the plasma membrane or binding of gD induces
endocytosis of the receptor to the advantage of the virus. Since little is
known about the turnover of nectin-1, we tested the stability of
nectin-1 at the cell surface in the absence or presence of gD. We
showed that nectin-1α is not internalized within 3 h of co-culture of
NGC12 cells with B78 cells. However, when NGC12 cells are co-
cultured with gD expressing cells, nectin-1 is rapidly endocytosed.
Furthermore, the internalized nectin-1 is degraded in a low pH-
dependent manner in lysosomes (Stiles et al., 2008). This indicates
that gD actively triggers an endocytic pathway which redirects the
receptor to lysosomes for degradation. In contrast to nectin-1, E-
cadherin, another cell adhesionmolecule found at adherens junctions,
undergoes constitutive endocytosis and recycling back to the plasma
membrane (Le et al., 1999). This cycling is minimal when cells are
conﬂuent, but increases when cells begin to move apart and junctions
are disassembled (Kamei et al., 1999; Le et al., 1999). Interestingly,
under certain specialized conditions, such as epithelial-to-mesenchy-
mal transition, E-cadherin is targeted to lysosomes for degradation
(Fujita et al., 2002; Hicke and Dunn, 2003). Little is currently known
about the regulation of nectin-1, but it is possible that nectin-1, like E-
cadherin, is also subject to a number of levels of regulation, and that
gD binding reactivates a dormant pathway for the beneﬁt of the virus.
Interestingly, HSV is not the only pathogen that causes nectin-1 to
be down-regulated from the cell surface. Chlamydia infected cells also
show an 85% reduction in cell surface nectin-1 at 48 hpi. This down-
regulation was shown to be at the level of protein degradation and
involves the chlamydial protease-like activity factor (CPAF) (Sun et al.,
2008; Sun and Schoborg, 2009). In this case, nectin-1 down-regulation
is thought to cause disruption of adherens junctions allowing for
better chlamydial dissemination and pathogenesis (Sun et al., 2008).
In addition to allowing virus endocytosis, the down-regulation of
nectin-1 may aid in HSV dissemination in a similar manner.
The new data presented here demonstrate the effects of gD on the
natural turnover of nectin-1 and support the model that gD activates
the internalization of nectin-1 to drive virions to an endocytic
pathway. We found that the kinetics of nectin-1 down-regulation
induced by virion gD were similar to those of virus entry and that
virus and receptor colocalized inside cells shortly after entryinitiation. HSV gD triggers a rapid endocytosis of nectin-1, which is
inﬂuenced by the nectin-1 cytoplasmic tail but does not require direct
interaction of cytoplasmic proteins with the receptor. We suggest that
another cell surface protein, such as an integrin, interacts with nectin-
1 through its ectodomain and plays a crucial role in nectin-1
internalization by linking the receptor to the endocytosis machinery
in the cytoplasm. Our data clearly show that the cellular response
triggered by gD is very different from that which occurs when nectin-
1 binds to a natural ligand. Although, we do not yet understand what
causes this difference, it is possible that gD binding destabilizes
nectin-1 cis dimers or induces nectin-1 association with other
transmembrane proteins that then lead to internalization. These
possibilities will be explored in future studies to better understand
how HSV exploits nectin-1 to gain entry into cells.
Materials and methods
Viruses, antibodies and proteins
Viruses
HSV-1 KOS and KOS tk12 were grown and titered on Vero cells and
puriﬁed as described (Handler et al., 1996; Montgomery et al., 1996).
KOS gDβ was obtained from Dr. P.G. Spear (Dean et al., 1994). Non-
complemented KOSgDβ was produced in Vero cells and complemen-
ted viruses were produced on VD60 cells (Dean et al., 1994; Ligas and
Johnson, 1988). Partial puriﬁcation of KOSgDβ was done as described
by Stiles et al. (2008). Titration of KOSgDβ was performed on VD60
cells. Equivalent amount of capsid was present in supernatant for the
virus produced in VD60 and that produced in Vero cells as determined
by western blot.
Antibodies
Anti-nectin-1 monoclonal antibodies (mAbs) CK8 and CK41 were
described previously (Krummenacher et al., 2000). For FACS, CK41
was directly coupled with phycoerythrin (PE) at Molecular Probes/
Invitrogen. Anti-HSV gB antibodies were as follows: pAb R69
(Eisenberg et al., 1987) and mAb DL16 (Bender et al., 2005). Anti-
GFP pAb ab290 was purchased from Abcam. Secondary anti-IgG
coupled with PE, Alexa 594, or Alexa 488 were purchased from
Molecular Probes/Invitrogen.
Cell lines
Murine melanoma B78H1 cells were grown in DMEM with 5% FCS
and penicillin/streptomycin. Previously described B78H1 transfected
cell lines B78-C10, B78-NGC12, B78-CG23 (abbreviated here as C10,
CG23, NGC12 respectively), and B78H1-control-16 (abbreviated here
B78) (Krummenacher et al., 2003) and B78-gD(wt), B78-gD(W294A)
and B78-gD(A3C-Y38C) (Stiles et al., 2008) were grown in the same
medium supplemented with 500 μg/ml G418.
Construction of nectin-1β and truncated nectin-1α constructs
Truncated nectin-1α construct
Nectin-1α truncated at amino acid 389with GFP at the N-terminus
was derived from plasmid pCK495 (Krummenacher et al., 2003) using
forward primer HveC389tF (5′-CAAGGGTGACTAGAGCACCAAGAAGC)
and reverse primer HveC389tR (5′-GCTTCTTGGTGCTCTAGT-
CACCCTTG) to insert a stop codon at amino acid 390 using the
Quikchange Mutagenesis Kit (Stratagene). The resulting plasmid was
named pCK613.
Nectin-1β constructs
Total RNA was extracted from 7×106 SY5Y human neuroblasto-
ma cells using the RNeasy Mini Kit (Qiagen) according to the
manufacturer's instructions including the optional DNase digestion
and homogenization steps. cDNA was prepared using the
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(Roche). Forward primer FHC5HIND (5′-GCCCAAGCTTATGGCTCG-
GATGGGGCTTGCGG) and reverse primer 3HIgRStopR (5′-
CGCGGATCCCTAGGGGCACTCTCCTCGAGG) were used to amplify the
full-length nectin-1β ORF by PCR. The nectin-1β fragment was
digested with restriction enzymes HindIII and BamHI and ligated
into pcDNA3.1 to generate plasmid pKS655.
For GFP tagged nectin-1β constructs, the full-length nectin-1β
sequence was PCR ampliﬁed using forward primer FHC5HIND and
reverse primer 3HIgRNSR (5′-GGCGGATCCGGGGCACTCTCCTC-
GAGGTTCG), digested with HindIII and BamHI, and ligated into
pcDNA3.1 to generate plasmid pKS646. Nectin-1β truncated at amino
acid 373 was ampliﬁed using forward primer FHC5HIND and reverse
primer HIgR373tNSR (5′-CGCGGATCCCTGCCGGTTGTACAGGAAGAA-
GAC), digested with HindIII and BamHI, and ligated into pcDNA3.1
to create plasmid pKS647. The enhanced GFP sequence from plasmid
pEGFP (Clontech Laboratories Inc.) was ampliﬁed using forward
primer 5′EGFP (5′-CGCGGATCCATGGTGAGCAAGGGCGAGGAGCTGTT)
and reverse primer 3′GFP (5′-CGGTCTAGACTACTTGTACAGCTCGTC-
CAT) by PCR. The GFP fragment was digested with restriction
enzymes BamHI and XbaI. The digested GFP fragment was ligated
into plasmid pKS646 to generate plasmid pKS654 (full-length nectin-
1β-GFP) and into plasmid pKS647 to generate plasmid pKS649
(nectin-1β-373t-GFP).
Cell lines expressing nectin-1β and truncated nectin-1
Selection
B78H1 cells were transfected with plasmids pCK613 (GFP-nectin-
1α-389t), pKS655 (nectin-1β), pKS654 (nectin-1β-GFP), or pKS649
(nectin-1β-373t-GFP) with Geneporter as recommended by the
manufacturer. Clonal cell lines were selected by limiting dilution in
the presence of 1 mg/ml G418 and further maintained in DMEMwith
5% FCS, antibiotics and 500 μg/ml G418. Clones to be used in this study
were selected by immunoﬂuorescence and FACS for their level of
nectin-1 expression. Clonal cell lines used in this study are: B78-NGC-
389t #3, B78-N1B #21, B78-N1BG #19 and B78-N1BG-373t #7.
Nectin-1 expression
For ﬂow cytometry (FACS) experiments, cells were detached with
0.02% di-sodium EDTA (w/v) in PBS (versene; Gibco) and resus-
pended in PBS containing 3% FCS, 0.01% sodium azide (PBS-FCS). Anti-
nectin-1 mAb CK41-PE was diluted to 5 μg/ml in cold PBS-FCS, 50 μl
was added to 5×105 cells. Cells were incubated for 30 min on ice and
then washed with 1 ml cold PBS-FCS before being ﬁxed in 0.3 ml 3%
paraformaldehyde (PFA)+3% FCS in PBS.
Cell co-cultures
Immunoﬂuorescence analysis
Target and effector cells were detached with trypsin, mixed at a
1:2 target-effector ratio and co-cultured for 16 h on glass coverslips
(3×105 cells per coverslip). The culture medium was DMEM
supplemented with 5% FCS and antibiotics. Cells were ﬁxed with 3%
PFA in PBS for 1 h at RT. Quenching, permeabilization and staining
were performed as previously described (Krummenacher et al., 2003;
Sodeik et al., 1997). In addition to GFP ﬂuorescence, cells were stained
with anti-gD mAb MC5 (Atanasiu et al., 2007) at 1 μg/ml, followed by
goat anti-mouse IgG coupled with Alexa 594 to detect gD on effector
cells (not shown). Images were collected on a Nikon Eclipse E600
microscope equipped with a 20× objective and analyzed using Image-
Pro Plus software (Media Cybernetics, Inc.).
FACS analysis
Target cells expressing nectin-1 were detached with trypsin, then
counted and divided in aliquots at 5×106 cells/ml for labeling withQdots using the Qtracker ™ 655 labeling kit (Quantum Dot Corp/
Invitrogen for 1 h at 37 °C in DMEM supplemented with 5% FCS
following the manufacturer's instructions. Qdot labeling was done to
identify target cells during FACS analysis. Target cells were washed 3
times with culture medium and mixed with twice as many unlabeled
effector cells. A total of 1.5×106 cells were plated in each well of a 6-
well plate and cultivated overnight in DMEM supplemented with 5%
FCS and antibiotics. Target and effector cells were also cultivated
separately as controls. For FACS analysis, cells were detached with
versene and resuspended in cold PBS-FCS. Labeling with anti-nectin-1
mAb CK41-PE (5 μg/ml) was performed on 0.5×106 cells (50 μl) for
30 min on ice. Mock stained cells were used as negative controls. Cells
were washed with cold PBS-FCS and ﬁxed with 3% PFA in PBS with 3%
FCS. In order to gate target cells during FACS analysis, Qtracker655
was detected by excitation at 630 nm and reading at 660+/−15 nm.
Qtracker655-positive target cells were positively selected for mea-
surement of PE ﬂuorescence.
FACS kinetics analysis
Target nectin-1 cells were detached with trypsin and labeled at
5×106 cells/ml with Qdots using Qtracker™ 655 labeling kit as
described above for FACS analysis. Cells were washed 3× with culture
medium and seeded at 0.5×106 cells per well of a six well plate.
Target cells were incubated overnight at 37 °C. 1×106 effector cells
(2:1 effector: target ratio) were added per well in 2 ml of culture
media. Cells were co-cultured at 37 °C for 0, 20, 40, 60, 120, and
240 min. At each time point, cells were detached with versene and
processed for FACS as described above. The PE geometric mean
ﬂuorescence (nectin-1 expression) in co-cultures with B78 cells (no
gD) was used as a reference level and set at 100%. Levels of nectin-1
expression in each co-culture were represented as a percentage of this
reference level. For each nectin-1 target cell line, the PE ﬂuorescence
(nectin-1 expression level) was normalized to the level at time 0 for
comparison between effector cell lines.
Virus infections
FACS analysis
0.75×106 NGC12 cells, expressing GFP-nectin-1α, were seeded in
12 well plates in DMEM with 5% FBS and antibiotics and allowed to
attach 4 h at 37 °C. Mediumwas removed and virus was added in 1 ml
chilled media and allowed to bind for 45 min at 4 °C. The cells were
then shifted to 37 °C for 30min. Cells were detachedwith versene and
resuspended using cold PBS-FCS. Cells were labeledwith anti-GFP pAb
ab290 serum (1:400) in 50 μl PBS-FCS for 30 min on ice at 4 °C. Cells
were washed with cold PBS-FCS and labeled with goat anti-rabbit Ig
coupled to PE (2 μg/ml) in 50 μl. Cells were then washed and ﬁxed in
3% PFA in PBS with 3% FCS.
FACS kinetics analysis
NGC12 cells were seeded and exposed to virus as described
above for FACS analysis. After the 4 °C incubation for virus
attachment, the temperature was shifted to 37 °C by placing the
plates in a water bath for 0, 2, 5, 15, 30, 40, and 120 min. At each
time point, cells were placed on ice, washed with citrate buffer pH 3
and detached with versene. Cells were labeled with anti-GFP pAb
ab290 for FACS as described above. The level of nectin-1 internal-
ization at 120 min was considered to be 100% of the possible
internalization and levels of internalization were normalized to this
point.
Soluble gD
NGC12 cells were seeded as described above for the virus
infections. Medium was removed and 100 μg of soluble gD285t (Rux
et al., 1998) was added in 1 ml of chilled medium or cells were mock
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then shifted to 37 °C for 30min. At this time point, cells were detached
with versene and cells were labeled with anti-GFP pAb ab290 for FACS
as described for the virus infections.
Virus-receptor colocalization
NGC12 cells were seeded at 2×105 cells per glass coverslip. HSV
KOS (MOI=50) was added in chilled DMEM+HEPES at 4 °C for
45 min to allow for attachment. The temperature was raised to 37 °C
to initiate virus entry. At each time point (0, 5, 10, 15, 30 min), cells
were ﬁxed with 3% PFA for 1 h at RT. Quenching, permeabilization and
staining were performed as described (Krummenacher et al., 2003;
Sodeik et al., 1997). In addition to GFP ﬂuorescence of nectin-1, virus
was stained with anti-gD mAb MC5 (Atanasiu et al., 2007) at 1 μg/ml,
followed by goat anti-mouse IgG coupled with Alexa 594 to detect gD
on virions. Images were captured using a Nikon TE2000-U inverted
microscope connected to a Perkin Elmer confocal imaging system
with emission discrimination.
Proteinase K protection assay
To detect virion internalization, proteinase K protection assays
were carried out largely according to Milne et al. (2005). Conﬂuent
monolayers of cells in 60 mm petri dishes (3×106 cells/dish) were
chilled on ice. Three dishes of each cell type were inoculated with
sucrose gradient puriﬁed HSV-1 KOS (input multiplicity 20 pfu/cell in
5% DMEM containing 30 mM HEPES). After 45 min adsorption at 4 °C,
two dishes were transferred to a 37 °C water bath to initiate virus
entry, while the third remained at 4 °C. After 15 min, all three dishes
were placed on ice. Cells were washed once with Hank's balanced salt
solution containing 30 mM HEPES (HBSS-HEPES), then treated or
mock treated for 1 h with proteinase K (50 μg/ml in HBSS-HEPES,
1 mM CaCl2). Cells were pelleted in a 1.5 ml tube and lysed on ice with
Tris buffered saline (TBS) containing 1% Triton X-100 and 1mM PMSF.
After 30 min, lysates were cleared by microcentrifugation. gB was
immunoprecipitated with trimer speciﬁc mAb DL16, resolved on SDS-
PAGE and detected by western blotting using pAb R69 as previously
described (Milne et al., 2005).
Rate of entry assay
The rate of virus entry was determined using a standard acid
inactivation assay (Highlander et al., 1989; Huang andWagner, 1964;
Milne et al., 2005). Conﬂuentmonolayers of cells in a 6well platewere
inoculated with 100 pfu/well of KOS and incubated at 4 °C for virus
adsorption. The plates were then shifted to 37 °C in a water bath. At
various time intervals after temperature shift, the wells were washed
with citrate buffer pH 3.0 to inactivate extracellular virus. At the end
of the time course, the cells were overlaid with normal growth media
containing 0.5% carboxymethyl cellulose and the cells were incubated
at 37 °C until plaques formed. Cells were stained with crystal violet
and plaques were counted.
Nectin-1 internalization assay
Nectin-1 internalization was examined by biotinylating surface
proteins on conﬂuentmonolayers of NGC12 cells (3×106 cells/60mm
dish) with 0.25 mg/ml EZ-link sulfo-NHS-SS biotin (Pierce) in PBS
with CaCl2 and MgCl2 (Gibco) at 4 °C followed by quenching with
50 mM Tris pH 8. Biotinylated NGC12 cells were co-cultured with
4.5×106 B78 (no gD) or B78-gD(wt) cells at 37 °C. At various times
after temperature shift, cells were plunged in ice, washed with HBSS-
HEPES, and treated with proteinase K for 1 h at 4 °C (100 μg/ml in
HBSS-HEPES, 1 mM CaCl2) to digest extracellular proteins. Cells were
pelleted in a 1.5 ml tube and lysed on ice with TBS containing 1%Triton X-100, 1 mM PMSF, and complete protease inhibitors. After
30 min, lysates were cleared by microcentrifugation. Internalized
biotinylated proteins were pulled down with neutravidin beads
(Pierce) and resolved by SDS-PAGE. Nectin-1was detected bywestern
blotting with mAb CK8.
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